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Summary
We examined the ability of different freshwater bacte-
rial groups to take up leucine and thymidine in two
lakes. Utilization of both substrates by freshwater
bacteria was examined at the community level by
looking at bulk incorporation rates and at the single-
cell level by combining ﬂuorescent in situ hybridiza-
tion and signal ampliﬁcation by catalysed reporter
deposition with microautoradiography. Our results
showed that leucine was taken up by 70–80% of
Bacteria-positive cells, whereas only 15–43% of
Bacteria-positive cells were able to take up thymidine.
When a saturating substrate concentration in combi-
nation with a short incubation was used, 80–90% of
Betaproteobacteria and 67–79% of Actinobacteria
were positive for leucine uptake, whereas thymidine
was taken up by < 10% of Betaproteobacteria and by
< 1% of the R-BT subgroup that dominated this bac-
terial group. Bacterial abundance was a good predic-
tor of the relative contribution of bacterial groups to
leucine uptake, whereas when thymidine was used
Actinobacteria represented the large majority (> 80%)
of the cells taking up this substrate. Increasing the
substrate concentration to 100 nM did not affect
the percentage of R-BT cells taking up leucine
(> 90% even at low concentrations), but moderately
increased the fraction of thymidine-positive R-BT
cells to a maximum of 35% of the hybridized cells. Our
results show that even at very high concentrations,
thymidine is not taken up by all, otherwise active,
bacterial cells.
Introduction
The accurate estimation of bacterial growth and produc-
tion rates is essential for understanding their role in
aquatic ecosystems. The two most common methods
used to estimate bacterial secondary production measure
either the incorporation of labelled thymidine (TdR) into
the deoxyribonucleic acid (DNA) or of labelled leucine
(Leu) into proteins. An intrinsic assumption in both
methods is that all heterotrophic bacteria possess the
ability to incorporate the above-mentioned substrates.
Some early studies have pointed out that some marine
bacteria lack the appropriate enzymes or transport
systems to incorporate TdR (Pollard and Moriarty, 1984;
Davis, 1989; Jeffrey and Paul, 1990). However since the
reference work of Fuhrman and Azam (1982), where all
active bacteria in Southern California Bight were found to
incorporate TdR, this method became one of the routine
procedures to measure bacterial production in aquatic
systems. Later studies in the eighties (Novitsky, 1983;
Douglas et al., 1987) found, on the contrary, higher pro-
portions of bacteria positive for amino acid (glutamate)
uptake than for TdR, suggesting that some marine bacte-
rial subpopulations might not incorporate TdR. Pedrós-
Alió and Newell (1989) concluded that the assumption of
all active bacteria taking up TdR had to be questioned, if
not rejected. Despite the numerous studies showing that
only a fraction of the bacterial community was actually
taking up TdR, there was no possibility at that time to
examine whether this fraction remained constant among
different phylogenetic groups or whether some bacterial
taxa could not incorporate TdR at all.
The development in recent years of protocols combin-
ing in situ phylogenetic identiﬁcation (Amann et al., 1995;
Pernthaler et al., 2002) with methods assessing single-
cell activity (Lee et al., 1999; Ouverney and Fuhrman,
1999; Cottrell and Kirchman, 2000; Teira et al., 2004)
offers us an excellent tool to re-examine this question.
There is now growing evidence indicating that different
phylogenetic groups differ in their ability to utilize speciﬁc
dissolved organic compounds (Cottrell and Kirchman,
2000; Elifantz et al., 2005; Malmstrom et al., 2005) or
exhibit distinct affinities for a given substrate (Alonso and
Pernthaler, 2006). Furthermore, differences in substrate
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within a phylogenetic group (Salcher et al., 2008). Thus, it
seems even more important to re-assess whether the
ability to incorporate the routinely used substrates TdR
and Leu is widespread among different bacterial groups.
Cottrell and Kirchman (2003) examined this question in
the Delaware estuary and found, contrary to their initial
hypothesis, that all major bacterial groups were able to
take up Leu and TdR. Beside the fact that this study
included a low-salinity station, information about TdR
uptake by speciﬁc freshwater bacterial groups is scarce.
Differences between the marine and freshwater bacte-
rial communities are noteworthy. The former is dominated
by Alphaproteobacteria, whereas Betaproteobacteria and
Actinobacteria are widespread among the heterotrophic
bacterial assemblage from freshwater ecosystems. By
contrast, Cytophaga-like bacteria are found in both
freshwater and marine bacterial communities (Kirchman,
2002).
Here, we examined the uptake of Leu and TdR by
freshwater bacterial groups in two alpine lakes, Gossen-
köllesee (GKS) and Schwarzsee ob Sölden (SOS). Gos-
senköllesee was sampled in September 2006 at two
different depths (1 m and 8.5 m). Schwarzsee ob Sölden
was sampled twice at 1 m depth, in September 2006 and
in August 2007. In addition to substrate bulk incorporation
rates, we examined the ability of speciﬁc phylogenetic
groups to take up the two substrates by combining ﬂuo-
rescent in situ hybridization and signal ampliﬁcation by
catalysed reporter deposition (CARD-FISH) with microau-
toradiography (MAR). Our results showed that some
abundant bacterial groups exhibited a contrasting ability
to take up Leu and TdR.
Results
Impact of the substrate speciﬁc activity on the relative
abundance of MAR-positive cells
We tested the inﬂuence of the substrate-speciﬁc activity
on the relative abundance of MAR-labelled cells using
TdR with two different speciﬁc activities. The percentages
of MAR-labelled cells obtained with the low and high
speciﬁc activity TdR were 19.0% (SD 2.0) and 19.5% (SD
2.1) respectively. By contrast, the incubation with Leu
yielded double as much labelled cells (42.6%; SD 1.6).
The ANOVA performed detected signiﬁcant differences
among substrates (P < 0.001). Both, the low and high
speciﬁc activity TdR yielded a signiﬁcantly different per
cent of cells labelled compared with the incubation with
Leu, but the percentages of cells labelled with either TdR
were not signiﬁcantly different from each other (t = 0.379;
P = 0.715).
Bacterial community composition
The number of cells detected with the Bacteria probe
(EUB I-III) was high in both lakes and ranged between
68% and ~90% of DAPI counts depending on the sample
considered (Table 1). Betaproteobacteria and Actinobac-
teria dominated the bacterial community of both lakes. In
GKS, these two groups together represented ~40% of
DAPI counts and ~60% of Bacteria cells, regardless of the
depth considered. Alphaproteobacteria and Cytophaga-
like bacteria were also present, but their contribution
to bacterial abundance was more variable. Whereas
Alphaproteobacteria accounted for ~10% of DAPI counts
at 1 m depth, their contribution at 8.5 m was low (Table 1).
At this depth, Cytophaga-like bacteria represented a sub-
stantial fraction of DAPI counts (17.7%). In SOS, Beta-
proteobacteria and Actinobacteria together accounted for
> 65% and > 70% of DAPI and Bacteria counts respec-
tively. In this lake, Alphaproteobacteria was the third most
abundant group and accounted for ~5% of DAPI counts.
The relative abundance of Cytophaga-like cells was very
low in SOS (< 1% DAPI counts). In GKS, > 60% of Beta-
proteobacteria were detected with probe R-BT065, this
percentage was even higher in SOS (September 2006
and August 2007) where > 80% of Betaproteobacteria
cells belonged to the R-BT subgroup.
Bacterial bulk incorporation rates
Bulk incorporation rates for Leu and TdR were higher in
GKS than in SOS (Table 1). In GKS, Leu incorporation
Table 1. Bacterial abundance (BA), temperature (T), bulk incorporation rates for leucine (BP Leu) and thymidine (BP TdR) and the relative




























GKS 1 11.2 4.80  0.53 163  9.43 4.56  0.94 68.0  3.21 9.72  1.64 18.1  1.83 12.0  1.48 8.11  1.35 20.0  4.56
GKS 8.5 8.7 5.40  0.27 164  15.7 3.59  0.78 71.5  2.44 3.61  0.58 20.8  2.20 12.7  1.02 17.7  1.74 19.9  3.76
SOS 06 7.5 4.80  0.59 61.3  2.85 2.48  0.24 82.9  7.39 5.13  0.59 29.0  3.12 23.9  3.21 0.76  0.18 37.7  4.22
SOS 07 9.2 6.24  0.38 27.9  2.53 1.73  0.26 89.7  3.51 4.90  0.65 41.7  3.72 33.2  6.65 0.49  0.12 23.3  3.46
EUB (Bacteria), ALFA (Alphaproteobacteria), BET (Betaproteobacteria), RBT (R-BT subgroup of Betaproteobacteria), CF (Cytophaga-like bacte-
ria), HGC (Actinobacteria). GKS 1 and GKS 8.5 are samples collected in September 2006 in GKS at 1 and 8.5 m depth respectively. SOS 06 and
SOS 07 are samples collected in SOS at 1 m depth in September 2006 and August 2007 respectively.
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sidered, whereas TdR incorporation was slightly lower at
8.5 m depth. Leu incorporation rates in SOS ranged from
27.9 to 61.3 pmol l-1 h-1 depending on the sample,
whereas TdR incorporation rates were less variable
ranging from 1.73 to 2.46 pmol l-1 h-1. The Leu/TdR ratio
ranged from 46 in GKS at 8.5 m depth to 16 in August
2007 in SOS (1 m depth).
Substrate uptake by individual bacterial groups
Between 70% and 80% of cells hybridized with the
Bacteria probe were able to take up Leu, whereas only
15–24% of Bacteria took up TdR in the lakes studied
(Fig. 1A). Eighty to ninety-eight per cent of Betaproteo-
bacteria cells took up Leu. By contrast, only 1–7% of
Betaproteobacteria showed TdR uptake (Fig. 1B). Within
the R-BT subgroup to which belonged most of the Beta-
proteobacteria in both lakes, 70–98% of the hybridized
cells took up Leu, but < 1% of R-BT were able to take up
TdR. Between 67% and 76% of cells belonging to the
class Actinobacteria took up Leu and 38–57% were posi-
tive for TdR uptake (Fig. 1D). On average, 85% of the
cells hybridizing with the probe targeting Alphaproteobac-
teria were active for Leu uptake and between 11% and
20% for TdR uptake. In GKS, Cytophaga-like bacteria
differed in their ability to take up Leu and TdR, whereas
40% of the hybridized cells incorporated Leu, only
10–20% did incorporate TdR (Fig. 1F). In SOS, ~34% of
Cytophaga-like cells took up either TdR or Leu.
Contribution of the different bacterial groups to Leu and
TdR uptake
Betaproteobacteria made the highest contribution to Leu
uptake. Their members represented 30–50% of the cells
taking up Leu (Fig. 2A). The second group in importance
for Leu uptake was Actinobacteria, representing between
20% and 40% of all cells taking up Leu, depending on the
sample considered. The contribution of Cytophaga-like
bacteria to Leu uptake was only relevant in GKS, where
they represented 6–13% of cells taking up Leu depending
on the depth considered. Alphaproteobacteria repre-
Fig. 1. Percentage of cells active for Leu (solid bars) and TdR
(open bars) uptake within the most abundant bacterial groups:
EUB (Bacteria; A), BETA (Betaproteobacteria; B), R-BT (subgroup
of Betaproteobacteria; C), HGC (Actinobacteria; D), ALFA
(Alphaproteobacteria; E) and CF (Cytophaga-like cells; F). GKS 1
and GKS 8.5 represent samples collected in September 2006 in
GKS at 1 and 8.5 m depth respectively. SOS 06 and SOS 07
represent samples collected in SOS at 1 m depth in September
2006 and August 2007 respectively. Values are mean of three
replicates  1 SD.
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uptake.
When looking at TdR uptake, it was striking that in all
samples Actinobacteria represented the large majority
(72–95%) of TdR-positive cells (Fig. 2B). The contribution
of the other bacterial groups considered in this study was
modest and generally accounted for less than 10% of
cells taking TdR.
Effect of the substrate concentration on the Leu and
TdR uptake by Betaproteobacteria
We included an additional experiment in order to examine
whether the contrasting ability of Bacteria in general and
more speciﬁcally of Betaproteobacteria to take up Leu
and TdR was concentration-dependent. Figure 3 summa-
rizes the outcome of this experiment. Leucine bulk incor-
poration rates increased signiﬁcantly at concentrations
above 2 nM. Nevertheless, the three different concentra-
tions (i.e. 2, 20, 100 nM) tested did not yield signiﬁcantly
different fractions of Betaproteobacteria with visible Leu
uptake. Regardless of the Leu concentration, we detected
> 92% of R-BT cells taking up Leu.
Increasing TdR concentrations did not translate into
signiﬁcant differences in bulk incorporation rates by the
whole bacterial assemblage (Fig. 3), but yielded increas-
ing fractions of Bacteria and Betaproteobacteria positive
for TdR uptake. Even when TdR was added at a 100 nM
concentration, only 44% of Bacteria and Betaproteobac-
teria and 35% of R-BT cells took up TdR. By contrast at
that concentration, 86% of Betaproteobacteria and 93% of
the R-BT cells were positive for Leu uptake.
Discussion
Our results clearly show that members of the main bac-
terial groups present in these two lakes differ in their
ability to take up the two substrates commonly used to
assess bacterial production in aquatic systems.
Inﬂuence of substrate-speciﬁc activity on the percentage
MAR-positive cells
Earlier studies involving MAR claimed that it is inappro-
priate to compare the percentage of MAR-labelled cells
between two samples, when one sample contains more
radioactivity per cell (on average) than the other
(Fuhrman and Azam, 1982). A homogeneous distribution
of radioactivity per cell among samples is very difficult to
achieve in practice, particularly when working with differ-
ent substrates. The amount of radioactivity incorporated
per cell within a sample is not only related to the speciﬁc
activity of the substrate, but largely depends on the
uptake kinetics of the bacterial assemblage for a given
Fig. 2. Relative contribution of Betaproteobacteria (BETA),
Actinobacteria (HGC), Cytophaga-like bacteria (CF) and
Alphaproteobacteria (ALFA) to Leu (A) or TdR (B) uptake plotted
against their relative abundance among Bacteria. Values are mean
of three replicates  1 SD. The diagonal line represents a 1:1
relationship.
Fig. 3. Fractions of Bacteria (probe EUB I-III), Betaproteobacteria
(probe BET42a) and R-BT cells (probe R-BT065) positive for Leu
(left) and TdR (right) uptake at different substrate concentrations.
Dots and lines show the corresponding bulk incorporation rates of
Leu and TdR by the whole bacterial assemblage.
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high speciﬁc activity, yielded a statistically indistinguish-
able number of cells labelled, despite the fact that the
‘cold’ sample contained only 30% of the radioactivity of
the sample incubated with high speciﬁc activity TdR. This
point illustrates that comparison among samples with dif-
ferent radioactivity levels is possible, if the exposure time
is adjusted to maximize the detection of labelled cells.
Substrate uptake by individual bacterial groups
Acontrasting ability to take up Leu and TdR was found not
only for the bacterial assemblage as a whole, but almost
within every bacterial group we considered. In the lakes
we sampled, Betaproteobacteria co-dominated the bacte-
rial community together with Actinobacteria. Both groups
together comprised more than half of the cells detected
with the probe EUB I-III targeting Bacteria. When a single
substrate concentration (20 nM) in combination with a
short incubation time was used, the majority of Betapro-
teobacteria was able to take up Leu (on average 92% of
hybridized cells), but they showed a limited capability to
take up TdR (on average < 3% of hybridized cells). Pre-
vious studies in estuarine waters reported 32% of Beta-
proteobacteria cells taking up Leu at the low salinity
station of the Pearl River estuary (Zahng et al., 2006) and
between 23% and 33% of Betaproteobacteria were
positive for Leu uptake in Delaware River (Cottrell and
Kirchman, 2004). Unlike our results, the fraction of
Betaproteobacteria positive for TdR uptake in the latter
river, though variable, was sometimes higher than that
positive for Leu uptake (Cottrell and Kirchman, 2003;
2004).
The importance of Betaproteobacteria in freshwater
systems is well documented since in situ quantitative
methods have been employed (Alfreider et al., 1996;
Šimek et al., 1997; Methé et al., 1998). Nevertheless, this
subclass of Proteobacteria is composed of several lin-
eages that might differ in their capacity to incorporate
different substrates. In the meso-oligotrophic Piburger
See (Austria), Salcher and colleagues (2008) reported
that members of three different Betaproteobacteria lin-
eages differed in their ability to take up an amino acid
mixture. These authors found that, 80% of Beta I cells
(detected with probe R-BT065), 36% of Beta II cells and
13% of Beta IV cells were positive for amino acid uptake.
The contrasting behaviour of these bacterial lineages to
take up an identical substrate could explain the discrep-
ancy between our results and those of Cottrell and Kirch-
man (2003; 2004), if other Betaproteobacteria lineages in
the Delaware River were relatively more abundant than
the R-BT subgroup that comprised the majority of Betap-
roteobacteria in our samples (> 60% in GKS and > 80% in
SOS). In agreement with the results of Salcher and col-
leagues (2008), we found that on average 85% of R-BT
cells took up Leu. However, this Betaproteobacteria sub-
group showed a limited capacity to take up TdR as shown
by the fact that the percentage of TdR-labelled cells within
this subgroup was always much lower than the percent-
age of Leu-labelled cells.
Among the other bacterial groups we examined the
fraction of hybridized cells taking up TdR was generally
smaller than that of cells taking up Leu, except for the
Cytophaga-like cells in SOS. The proportion of cells taking
up Leu within this group was about half of the other
bacterial groups, which is in agreement with ﬁndings indi-
cating that members of the Cytophaga-like bacteria are
not specialized in consuming low-molecular-weight dis-
solved organic matter (Cottrell and Kirchman, 2000; Kirch-
man, 2002). However, it is noteworthy that a substantial
part of the Cytophaga-like cells took up TdR in SOS. The
smallest differences in the proportions of Leu- and TdR-
positive cells were found within the class Actinobacteria.
In our samples 38–57% of Actinobacteria took up TdR,
which was well above the average of TdR-active Bacteria.
In the Delaware River, Kirchman and colleagues (2005)
also found the fraction of TdR active Actinobacteria
to be higher than the corresponding fraction of active
prokaryotes.
Effect of substrate concentration on Leu and TdR
uptake by Betaproteobacteria
Given the ubiquity and importance of Betaproteobacteria
in freshwater systems, we further tested whether their
disproportional response to the two substrates was
concentration-dependent. In marine waters, it has been
shown that the relative abundance of Leu-active cells
increased with increasing substrate concentration for
some particular bacterial clades (Alonso and Pernthaler,
2006).
In this study we found that the fraction of Leu-active
Betaproteobacteria and especially of R-BT cells was
always larger than the fraction of active Bacteria and did
not change with the Leu concentration used, pointing out
that this group plays a very important role in Leu uptake
and potentially in Leu assimilation over a wide range of
concentrations. A similar ﬁnding was observed in marine
waters for the Roseobacter clade (Alonso and Pernthaler,
2006). However, the fraction of TdR active Betaproteo-
bacteria and particularly of its R-BT subgroup increased
with the TdR concentration offered, but it was always
much smaller than the corresponding fraction of Leu
active cells. Even after a long incubation and a high TdR
concentration (100 nM) only 35% of R-BT cells took up
TdR, whereas under similar conditions 93% of cells
showed Leu uptake. This is striking considering that in the
studied lakes a TdR concentration of 2 nM is saturating.
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otherwise very active Betaproteobacteria and particularly
R-BT cells in our study were unable to incorporate TdR.
One possibility is that this subgroup was out of balanced
growth conditions (Chin-Leo and Kirchman, 1990); that is,
cells were growing (incorporating leucine) but not syn-
thesizing DNA. However, the R-BT subgroup are fast-
growing bacteria (Šimek et al., 2006) exhibiting doubling
times as short as 8 h (Šimek et al., 2005) and are able to
rapidly overgrow other bacterial groups under experimen-
tal and natural conditions (Šimek et al., 2005; Pérez and
Sommaruga, 2006; Salcher et al., 2007). Thus, it seems
unlikely that unbalanced growth of the R-BT subgroup is
responsible for the observed pattern, particularly because
this state is necessarily transient.
Another possibility is that certain subpopulations within
this subgroup lacked the appropriate enzymes to trans-
port this substrate or that they preferred to use the de
novo pathway as argued by Pedrós-Alió and Newell
(1989) to explain why active bacteria in their samples did
not take up TdR. The incapacity of some bacterial isolates
to incorporate TdR has already been reported. For
example, representatives of Pseudomonas lack thymidine
kinase (reviewed in Robarts and Zohary, 1993), whereas
some Vibrio do not have TdR transport systems (Jeffrey
and Paul, 1990). Usually, if enough exogenous TdR is
added to the samples the de novo pathway is assumed to
be blocked. Nevertheless, it is known that increasing the
concentration of external TdR also inhibits a step of its
own conversion into thymidine triphosphate, and there-
fore, it is recommended to use the lowest possible
concentration of TdR (O’Donovan, 1978). However, this
concentration might not totally inhibit the de novo
pathway. The increasing fraction of R-BT cells taking up
TdR at increasing substrate concentrations might be con-
sidered as evidence in favour of this hypothesis. Further,
as the R-BT subgroup of Betaproteobacteria is not a
monospeciﬁc cluster and includes a relatively large set of
sequences (Šimek et al., 2001), it is likely that different
R-BT subpopulations in our samples behaved differently.
For instance, some subpopulations could have been
taking up TdR at any concentration offered whereas
others did not take it up at all, and in other subpopulations
the salvage pathway might have been induced by the very
high TdR concentrations offered.
Contribution to Leu and TdR uptake
The contrasting ability among bacterial groups to take up
LeuandTdRtranslatedintoadifferentcontributionofthose
groups to the total community of substrate-active cells. On
average, Actinobacteria were responsible for 82% of TdR
uptake.Onlyfewstudieshaveexaminedthecontributionof
this bacterial group to the uptake of TdR. In the study of
Kirchman and colleagues (2005), 48–65% of TdR uptake
wasduetoActinobacteria.Thispointsouttoamajorroleof
this bacterial group in TdR incorporation. Similarly, in the
study of Warnecke and colleagues (2005) using the
halogenated thymidine analogue 5-Bromo-2′deoxyuridine
(BrdU), the relative abundance of BrdU-positive Actino-
bacteria usually matched that of BrdU-positive Bacteria,
except in three lakes, where the proportion of BrdU-
positive Actinobacteria exceeded the one of BrdU-positive
Bacteria. In these lakes, the contribution of Actinobacteria
to DNA synthesis rates was higher than expected by their
relative abundance within the bacterial assemblage, which
wasalsothecaseinourstudy(Fig. 2B).However,itshould
be noted that uridine and thymidine are taken up into the
cells by different transport systems.
Cell abundance was a bad predictor of the contribution
of different bacterial groups to TdR uptake for the two
most abundant phylogenetic groups, whereas the contri-
bution of minor phylogenetic groups to TdR uptake
matched the 1:1 relationship (Fig. 2B). Bacterial abun-
dance was a better predictor of the contribution of a par-
ticular group to Leu uptake than it was in the case of TdR,
although it slightly underestimated the contribution of
Betaproteobacteria in some cases and overestimated that
of Cytophaga-like cells in others (Fig. 2A). Although the
relationship was signiﬁcant (P < 0.05), bacterial commu-
nity composition explained only 11% of the variability in
TdR uptake (Fig. 2B), which was substantially less than in
the study of Cottrell and Kirchman (2003). When Leu was
used as substrate, 82% of the variability in Leu uptake
was explained by the composition of the bacterial assem-
blage (Fig. 2A). This is in agreement with the results of
Zahng and colleagues (2006) in the Pearl River estuary,
but in our case, the bacterial community structure
explained more of the variability in Leu uptake than in the
Delaware River (Cottrell and Kirchman, 2003).
Implications for bacterial production measurements
Our results showed that some abundant freshwater bac-
terial groups strongly differ in their ability to take up Leu
and TdR in the concentration range usually used for bac-
terial production measurements. Thus, the latter substrate
should be employed with caution in ecosystems where
Betaproteobacteria and particularly its R-BT subgroup are
numerically important. At present, there is only limited
information on the occurrence and relative abundance of
the R-BT subgroup in freshwaters. Nevertheless, the data
available suggest that members of this subgroup are
widespread as they have been found in a mesoeutrophic
drinking reservoir (Šimek et al., 2001), in several oligo-
trophic high-mountain lakes (Pernthaler et al., 1998;
Warnecke et al., 2005; Pérez and Sommaruga, 2006) in a
mesotrophic lake (Posch et al., 2007; Salcher et al., 2008)
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Our results also suggest that discrepancies between bac-
terial biomass production measured with Leu and TdR
might not only be due to unbalanced growth (Chin-Leo
and Kirchman, 1990) or physiological stress (Ducklow,
2000) as it has been often suggested, but might as well
reﬂect differences in bacterial community composition.
Experimental procedures
Sampling sites and sample collection
Water samples were collected from the alpine lakes GKS and
SOS. These lakes are located in the Austrian Alps above the
treeline at 2417 m and 2799 m (above sea level) respectively,
As most high-mountain lakes in the region, they have a small
catchment area (30 ha GKS and 18 ha SOS), which is mainly
composed by bare rocks. Other characteristics of the lakes
sampled can be found in Laurion and colleagues (2000) and
in Sommaruga and Augustin (2006).
Triplicate water samples were collected in the central part
of GKS (max. depth 9.9 m) at 1 m and at 8.5 m depth in
September 2006. In SOS triplicate samples were collected
twice in September 2006 and inAugust 2007 at 1 m depth.At
every sampling date basic physico-chemical parameters
(temperature, pH and dissolved organic carbon concentra-
tion) were measured. Samples for bacterial abundance were
ﬁxed with formaldehyde (2% ﬁnal concentration) and the
concentration of bacteria estimated by epiﬂuorescence
microscopy after DAPI staining. Bulk measurements of sub-
strate incorporation and MAR incubations were run as
explained in the following sections.
Bulk incorporation rates of Leu and TdR
Bacterial bulk production was estimated by measuring incor-
poration of two different substrates: (i)
3H-TdR (speciﬁc acti-
vity: 27 Ci mmol
-1; 20 nM ﬁnal concentration) and (ii)
3H-Leu
(speciﬁc activity 63 Ci mmol
-1; 20 nM ﬁnal concentration).
Triplicate 10–15 ml samples plus one formaldehyde-killed
blank were incubated at in situ temperature in the dark for
1 h. Incubations were stopped by adding formaldehyde at 2%
ﬁnal concentration. Subsequently, the samples were ﬁltered
through 0.22 mm Millipore GTTP membrane ﬁlters and rinsed
twice with 10 ml of 5% trichloroacetic acid for 5 min. Filters
were dissolved in 6 ml of scintillation cocktail (Ready-safe,
Beckman Coulter) and the radioactivity assessed after 15 h.
MAR
Samples collected in GKS in September 2006 and in SOS in
September 2006 and August 2007 were incubated with Leu
and TdR (speciﬁc activities as in the former section) under
the same conditions as for bacterial production in order to
assess which bacterial groups contributed to bulk substrate
incorporation.
In October 2008, we performed an experiment in order to
test whether the speciﬁc activity of a given substrate could
inﬂuence the relative abundance of cells incorporating that
substrate. For that purpose, ﬁve replicate water samples
collected at the surface of GKS (0.5 m) were incubated
with labelled TdR having either a low (27 Ci mmol
-1)o r
a high speciﬁc activity (86 Ci mmol
-1), as well as with Leu
(63 Ci mmol
-1). In all three cases the ﬁnal concentration of
the substrate was 20 nM. The incubations were run for 1 h
in the dark at in situ temperature.
In March 2009, an additional experiment was run to test for
concentration-dependent uptake of both, Leu and TdR by
Betaproteobacteria and its R-BT subgroup. Water was col-
lected in GKS under the ice cover at 1 m depth. Incubations
were run for 5 h at 12°C with Leu (62 Ci mmol
-1) and TdR
(79 Ci mmol
-1) at three different concentrations (2, 20 and
100 nM). For every concentration triplicate samples were
used.
Incubations were stopped by adding formaldehyde (2%
ﬁnal concentration). Samples were kept at 4°C overnight and
ﬁltered on the next day onto 0.22 mm polycarbonate white
ﬁlters (GTTP, Millipore), rinsed with 0.22 mm ﬁltered Milli-Q
water, air-dried and then stored at -20°C until further analy-
sis. Samples were subjected to MAR as described by Tabor
and Neihof (1982) after CARD-FISH was performed. Expo-
sure times for every substrate, concentration and speciﬁc
activity were determined empirically in a preliminary experi-
ment. The optimum exposure time was assessed by moni-
toring the detection of positive cells for a given substrate
until a maximum was reached. After exposure, slides were
developed according to the manufacturer instructions and
mounted with an anti-fading solution containing DAPI (ﬁnal
concentration of 1 mgm l
-1). Slides were stored frozen until
microscopic analysis.
Cells were counted in at least 20 randomly selected micro-
scopic ﬁelds. For every ﬁeld four different counts were
recorded: (i) DAPI positive cells, (ii) probe-speciﬁc positive
cells, (iii) DAPI + MAR positive cells and (iv) probe-
speciﬁc + MAR positive cells. Routinely at least 350 DAPI-
stained cells were counted per sample or 1000 DAPI-stained
cells if the calculated relative abundance was < 1%.
CARD-FISH
CARD-FISH was performed according to Pernthaler and col-
leagues (2002) using the modiﬁed permeabilization protocol
of Sekar and colleagues (2003) for freshwater bacteria. We
used six different horseradish peroxidase-labelled oligo-
nucleotide probes: probe EUB I-III targeting most Bacteria
(Daims et al., 1999), ALF968 (Neef, 1997) for Alphaproteo-
bacteria, BET42a (Manz et al., 1992) for Betaproteobacteria,
R-BT065 for the R-BT subgroup of Betaproteobacteria
(Šimek et al., 2001), HGC69a (Roller et al., 1994) for Actino-
bacteria and CF319a (Manz et al., 1996) for Cytophaga-like
bacteria within the Bacteroidetes.All hybridizations were con-
ducted during 5 h at 35°C, followed by 30 min ampliﬁcation.
Formamide concentration in the hybridization buffer was
always 55% excepting for probe HGC69a which needed 35%
formamide concentration.
Acknowledgements
We thank C. Gärber for helping with the sampling in SOS.
This work was supported by the Austrian Science Fund
(FWF) through the research project (P19245-B03) to R.S.
80 M. T. Pérez, P. Hörtnagl and R. Sommaruga
© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 74–82References
Alfreider, A., Pernthaler, J., Amann, R., Sattler, B., Glöckner,
F.O., Wille, A., and Psenner, R. (1996) Community analy-
sis of the bacterial assemblages in the winter cover and
pelagic layers of a high mountain lake using in situ hybrid-
ization. Appl Environ Microbiol 62: 2138–2144.
Alonso, C., and Pernthaler, J. (2006) Concentration-
dependent patterns of leucine incorporation by coastal
picoplankton. Appl Environ Microbiol 72: 2141–2147.
Alonso, C., Zeder, M., Piccini, C., Conde, D., and Pernthaler,
J. (2009) Ecophysiological differences of betaproteobacte-
rial populations in two hydrochemically distintc compart-
ments of a subtropical lagoon. Environ Microbiol 11: 867–
876.
Amann, R.I., Ludwig, W., and Schleifer, K.-H. (1995) Phylo-
genetic identiﬁcation and in situ detection of individual
microbial cells without cultivation. Microbiol Rev 59: 143–
169.
Chin-Leo, G., and Kirchman, D.L. (1990) Unbalanced growth
in natural assemblages of marine bacterioplankton. Mar
Ecol Prog Ser 63: 1–8.
Cottrell, M.T., and Kirchman, D. (2000) Natural assemblages
of marine proteobacteria and members of the Cytophaga-
Flavobacter cluster consuming low and high molecular
weight dissolved organic matter. Appl Environ Microbiol
66: 1692–1697.
Cottrell, M.T., and Kirchman, D. (2003) Contribution of major
bacterial groups to bacterial biomass production (thymidine
and leucine incorporation) in the Delaware estuary. Limnol
Oceanogr 48: 168–178.
Cottrell, M.T., and Kirchman, D.L. (2004) Single-cell analysis
of bacterial growth, cell size, and community structure in
the Delaware estuary. Aquat Microb Ecol 34: 139–149.
Daims, H., Bruhl, R., Amann, R., Schleifer, K.H., and Wagner,
M. (1999) The domain-speciﬁc probe EUB338 is insuffi-
cient for the detection of all Bacteria: development and
evaluation of a more comprehensive probe set. Syst Appl
Microbiol 22: 434–444.
Davis, C.L. (1989) Uptake and incorporation of thymidine by
bacterial isolates from an upwelling environment. Appl
Environ Microbiol 55: 1267–1272.
Douglas, D.J., Novitsky, J.A., and Fournier, R.O. (1987)
Microautoradiography-based enumeration of bacteria with
estimates of thymidine-speciﬁc growth and production
rates. Mar Ecol Prog Ser 36: 91–99.
Ducklow, H.W. (2000) Bacterial production and biomass in
the oceans. In Microbial Ecology of the Oceans. Kirchman,
D. (ed.). New York, USA: Wiley-Liss, pp. 85–120.
Elifantz, H., Malmstrom, R.R., Cottrell, M.T., and Kirchman,
D. (2005) Assimilation of polysaccharides and glucose by
major bacterial groups in the Delaware estuary. Appl
Environ Microbiol 71: 7799–7805.
Fuhrman, J.A., and Azam, F. (1982) Thymidine incorporation
as a measure of heterotrophic bacterioplankton production
in marine surface waters: evaluation and ﬁeld results. Mar
Biol 66: 109–120.
Jeffrey, W.H., and Paul, J.H. (1990) Thymidine uptake,
thymidine incorporation, and thymidine kinase activity in
marine bacterium isolates. Appl Environ Microbiol 56:
1367–1372.
Kirchman, D.L. (2002) The ecology of Cytophaga-
Flavobacteria in aquatic environments. FEMS Microbiol
Ecol 39: 91–100.
Kirchman, D.L., Dittel, A.I., Malmstrom, R.R., and Cottrell,
M.T. (2005) Biogeography of major bacterial groups in the
Delaware estuary. Limnol Oceanogr 50: 1697–1706.
Laurion, I., Ventura, M., Catalan, J., Psenner, R., and Som-
maruga, R. (2000) Attenuation of ultraviolet radiation in
mountain lakes: factors controlling the among- and within-
lake variability. Limnol Oceanogr 45: 1274–1288.
Lee, N., Nielsen, P.H., Andreasen, K.H., Juretschko, S.,
Nielsen, J.L., Schleifer, K.-H., and Wagner, M. (1999)
Combination of ﬂuorescent in situ hybridization and
microautoradiography- a new tool for structure-function
analyses in microbial ecology. Appl Environ Microbiol 65:
1289–1297.
Malmstrom, R.R., Cottrell, M.T., Elifantz, H., and Kirchman,
D.L. (2005) Biomass production and assimilation of
dissolved organic matter by SAR11 bacteria in the North-
west Atlantic Ocean. Appl Environ Microbiol 71: 2979–
2986.
Manz, W., Amann, R., Ludwig, W., Wagner, M., and Schlei-
fer, K.H. (1992) Phylogenetic oligodeoxynucleotide probes
for the major subclasses of Proteobacteria: problems and
solutions. Syst Appl Microbiol 15: 593–600.
Manz, W., Amann, R., Ludwig, W., Vancanneyt, M.,
and Schleifer, K.H. (1996) Application of a suite of 16S
rRNA-speciﬁc oligonucleotide probes designed to investi-
gate bacteria of the phylum Cytophaga-Flavobacter-
Bacteroides in the natural environment. Microbiology 142:
1097–1106.
Methé, B.A., Hiorns, W.D., and Zehr, J.P. (1998) Contrasts
between marine and freshwater bacterial community com-
position: analyses of communities in Lake George and six
other Adirondack lakes. Limnol Oceanogr 43: 368–374.
Neef, A. (1997) Anwendung der in situ Einzelzell-
Identiﬁzierung von Bakterien zur Populationsanalyse in
komplexen mikrobiellen Biozönosen. PhD Thesis. Munich,
Germany: Technical University of Munich.
Novitsky, J.A. (1983) Heterotrophic activity throughout a ver-
tical proﬁle of seawater and sediment in Halifax harbor,
Canada. Appl Environ Microbiol 45: 1753–1760.
O’Donovan, G.A. (1978) Thymidine metabolism in bacteria
(and ‘How, or how not, to label DNA’) In DNA Synthesis:
Present and Future. Molineux, I., and Kohiyama, M. (eds).
New York, NY, USA: Plenum Press, pp. 219–253.
Ouverney, C.C., and Fuhrman, J.A. (1999) Combined
microautoradiography-16S rRNA probe technique for
determination of radioisotope uptake by speciﬁc microbial
cell types in situ. Appl Environ Microbiol 65: 1746–1752.
Pedrós-Alió, C., and Newell, S.Y. (1989) Microautoradio-
graphic study of thymidine uptake in brackish waters
around Sapelo Island, Georgia, USA. Mar Ecol Prog Ser
55: 83–94.
Pérez, M.T., and Sommaruga, R. (2006) Differential effect of
algal- and soil-derived dissolved organic matter on alpine
lake bacterial community composition and activity. Limnol
Oceanogr 51: 2527–2537.
Pernthaler, J., Glöckner, F.O., Unterholzner, S., Alfreider, A.,
Psenner, R., and Amann, R. (1998) Seasonal community
and population dynamics of pelagic bacteria and archaea
Leucine and thymidine uptake by freshwater bacteria 81
© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 74–82in a high mountain lake. Appl Environ Microbiol 64: 4299–
4306.
Pernthaler, A., Pernthaler, J., and Amann, R. (2002) Fluores-
cence in situ hybridization and catalysed reporter deposi-
tion for the identiﬁcation of marine bacteria. Appl Environ
Microbiol 68: 3094–3101.
Pollard, P.C., and Moriarty, D.J.W. (1984) Validity of the
tritiated thymidine method for estimating bacterial growth
rates: measurement of isotope dilution during DNA synthe-
sis. Appl Environ Microbiol 48: 1076–1083.
Posch, T., Mindl, B., Hornák, K., Jezbera, J., Salcher, M.M.,
Sattler, B., et al. (2007) Biomass reallocation within fresh-
water bacterioplankton induced by manipulating phospho-
rus availability and grazing. Aquat Microb Ecol 49: 223–
232.
Robarts, R.D., and Zohary, T. (1993) Fact or ﬁction-bacterial
growth rates and production as determined by [methyl-
3H]-
thymidine? In Advances in Microbial Ecology. Gwynfryn
Jones, J. (ed.). New York, NY, USA: Plenum Press, pp.
371–425.
Roller, C., Wagner, M., Amann, R., Ludwig, W., and Schleifer,
K.H. (1994) In situ probing of gram-positive bacteria with
high DNA G+C content using 23S rRNA-targeted oligo-
nucleotides. Microbiology 140: 2849–2858.
Salcher, M.M., Hofer, J., Hornák, K., Jezbera, J., Sonntag, B.,
Vrba, J., et al. (2007) Modulation of microbial predator-prey
dynamics by phosphorus availability: growth patterns and
survival strategies of bacterial phylogenetic clades. FEMS
Microbiol Ecol 60: 40–50.
Salcher, M.M., Pernthaler, J., Zeder, M., Psenner, R.,
and Posch, T. (2008) Spatio-temporal niche separation
of planktonic Betaproteobacteria in an oligo-mesotrophic
lake. Environ Microbiol 10: 2074–2086.
Sekar, R., Pernthaler, A., Pernthaler, J., Warnecke, F., Posch,
T., and Amann, R. (2003) An improved method for quantiﬁ-
cation of freshwater Actinobacteria by ﬂuorescence in situ
hybridization. Appl Environ Microbiol 69: 2928–2935.
Šimek, K., Vrba, J., Pernthaler, J., Posch, T., Hartman, P.,
Nedoma, J., and Psenner, R. (1997) Morphological and
compositional shifts in an experimental bacterial commu-
nity inﬂuenced by protists with contrasting feeding modes.
Appl Environ Microbiol 63: 587–595.
Šimek, K., Pernthaler, J., Weinbauer, M.G., Hornák, K.,
Dolan, J.R., Nedoma, J., et al. (2001) Changes in bacterial
community composition and dynamics and viral mortality
rates associated with enhanced ﬂagellate grazing in a
mesoeutrophic reservoir. Appl Environ Microbiol 67: 2723–
2733.
Šimek, K., Hornák, K., Jezbera, J., Masín, M., Nedoma, J.,
Gasol, J.M., and Schauer, M. (2005) Inﬂuence of top-down
and bottom-up manipulations on the R-BT065 subcluster of
b-Proteobacteria, an abundant group in bacterioplankton of
a freshwater reservoir. Appl Environ Microbiol 71: 2381–
2390.
Šimek, K., Hornák, K., Jezbera, J., Nedoma, J., Vrba, J.,
StraŠkrabova, V., et al. (2006) Maximum growth rates and
possible life strategies of different bacterioplankton groups
in relation to phosphorus availability in a freshwater reser-
voir. Environ Microbiol 8: 1613–1624.
Sommaruga, R., and Augustin, G. (2006) Seasonality in UV
transparency of an alpine lake is associated to changes in
phytoplankton biomass. Aquat Sci 68: 129–141.
Tabor, P.S., and Neihof, R.A. (1982) Improved microauto-
radiographic method to determine individual microorgan-
isms active in substrate uptake in natural waters. Appl
Environ Microbiol 44: 945–953.
Teira, E., Reinthaler, T., Pernthaler, A., Pernthaler, J., and
Herndl, G.J. (2004) Combining catalysed reporter
deposition-ﬂuorescence in situ hybridization and micro-
autoradiography to detect substrate utilization by bacteria
and archaea in the deep ocean. Appl Environ Microbiol 70:
4411–4414.
Warnecke, F., Sommaruga, R., Sekar, R., Hofer, J.S., and
Pernthaler, J. (2005) Abundances, identity and growth
state of Actinobacteria in mountain lakes of different UV
transparency. Appl Environ Microbiol 71: 5551–5559.
Zahng, Y., Jiao, N., Cottrell, M.T., and Kirchman, D. (2006)
Contribution of major bacterial groups to bacterial biomass
production along a salinity gradient in the south China Sea.
Aquat Microb Ecol 43: 233–241.
82 M. T. Pérez, P. Hörtnagl and R. Sommaruga
© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 74–82